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ABSTRACT
Type IIb supernovae (SNe) present a unique opportunity for understanding the progenitors of
stripped-envelope (SE) SNe as the stellar progenitor of several Type IIb SNe have been identified
in pre-explosion images. In this paper, we use Bayesian inference and a large grid of non-rotating
solar-metallicity single and binary stellar models to derive the associated probability distributions of
single and binary progenitors of the Type IIb SN 2016gkg using existing observational constraints. We
find that potential binary star progenitors have smaller pre-SN hydrogen-envelope and helium-core
masses than potential single-star progenitors typically by 0.1M and 2M, respectively. We find that,
a binary companion, if present, is a main-sequence or red-giant star. Apart from this, we do not find
strong constraints on the nature of the companion star. We demonstrate that the range of progenitor
helium-core mass inferred from observations could help improve constraints on the progenitor. We find
that the probability that the progenitor of SN 2016gkg was a binary is 22% when we use constraints
only on the progenitor luminosity and effective temperature. Imposing the range of pre-SN progenitor
hydrogen-envelope mass and radius inferred from SN light-curves the probability the progenitor is a
binary increases to 44%. However, there is no clear preference for a binary progenitor. This is in
contrast to binaries being the currently favored formation channel for Type IIb SNe. Our analysis
demonstrates the importance of statistical inference methods to constrain progenitor channels.
Subject headings: binaries: general – stars: massive – supernovae: general – supernovae: individual
(SN 2016gkg)
1. INTRODUCTION
The mechanisms driving the stripping of the progeni-
tor stars of stripped-envelope (SE) supernovae (SNe) re-
main an open research question. Currently, close binary
interactions, stellar winds, and nuclear burning instabili-
ties are leading candidates to explain the mass loss (e.g.,
Claeys et al. 2011; Arnett & Meakin 2011; Groh et al.
2013; Smith 2014; Soker 2017). Among SE SNe, Type IIb
SNe explode with a low-mass residual hydrogen-envelope
(e.g., Podsiadlowski et al. 1992; Woosley et al. 1994)
and initially exhibit prominent hydrogen spectral fea-
tures that weaken and disappear in the weeks following
the explosion. The progenitors of five Type IIb SNe have
been identified in pre-explosion images: 1993J (Alder-
ing et al. 1994), 2008ax (Folatelli et al. 2015), 2011dh
(Maund et al. 2011; Van Dyk et al. 2011), 2013df (Van
Dyk et al. 2014), and 2016gkg (Kilpatrick et al. 2017).
Furthermore, there is evidence for the presence of binary
companions to the progenitors of SNe 1993J and 2011dh
(Fox et al. 2014; Folatelli et al. 2014). This makes Type
IIb SNe ideal candidates to test theories of binary evolu-
tion.
SN 2016gkg was discovered on 2016 September 20.18
UT in NGC 613. Kilpatrick et al. (2017) identified a
source in pre-explosion Hubble Space Telescope (HST)
images as its progenitor and inferred its luminosity and
effective temperature. Tartaglia et al. (2017) found an
additional source and concluded they could not favor ei-
ther source as the progenitor star. They also found differ-
ent magnitudes for the common source. The properties
for this source inferred by Tartaglia et al. (2017) are con-
sistent (within 1 and 3σ in luminosity and effective tem-
perature, respectively) with those inferred by Kilpatrick
et al. (2017). Therefore, for simplicity, we adopt the con-
straints of Kilpatrick et al. (2017). Arcavi et al. (2017)
fit analytic models to the light curve of SN 2016gkg and
derived a radius and residual hydrogen-envelope mass for
the progenitor star (see Table 1).
In this paper, given observational constraints on its
progenitor properties, we use Bayesian inference to de-
rive the distribution of properties of potential progeni-
tor systems (both singles and binaries) of SN 2016gkg.
We also calculate the probability that the progenitor
was a binary. We assume that the constraints derived
by Kilpatrick et al. (2017) corresponds to the progeni-
tor. We discuss the effect of using the pre-SN progenitor
hydrogen-envelope and helium-core mass constraints to
distinguish between single and binary progenitor chan-
nels.
This paper is organized as follows. In Section 2 we
briefly describe our models and method. In Section 3 we
discuss results for the distribution of potential progenitor
systems (both singles and binaries) of SN 2016gkg. We
summarize our results and conclude in Section 4.
2. METHOD
2.1. Single and Binary Star Models
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TABLE 1
Properties of Detected SN 2016gkg Progenitor
log10(L/L) Teff/K R/R Menv/M
5.14+0.36−0.14
a 9500+3700−1033
a 40 – 150 b 0.02 – 0.4 b
References. — a Kilpatrick, C. D., private communi-
cation (uncertainties are one-third of 3σ, see Section 2.2);
b Arcavi et al. (2017).
We compute a large grid of non-rotating solar-
metallicity1 single and binary star models with Modules
for Experiments in Stellar Astrophysics (MESA2, Paxton
et al. 2011, 2013, 2015). We briefly summarize the mod-
els in what follows.
We start the evolution of the star(s) at the zero-age
main sequence (ZAMS). We stop the evolution if any
of the following conditions are met: the carbon mass
fraction at (any) star’s center is lower than 10−6, the
hydrogen-envelope mass of any star drops below 0.01M
(in which case we assume the system is a completely
stripped Type Ibc progenitor), or, in binaries, the ac-
cretor overfills its Roche-lobe. We assume the surface
properties of the star at carbon depletion match those of
the pre-supernova progenitor star. This is because the
thermal timescale of the envelope is large compared to
the time between carbon depletion and iron core-collapse.
We note however that it has recently been proposed that
waves could efficiently transport energy outwards dur-
ing core neon and oxygen burning, potentially producing
outbursts and large changes in the progenitor surface lu-
minosity and effective temperature months or years prior
to the explosion (Quataert & Shiode 2012; Shiode &
Quataert 2014; Fuller 2017).
We use the basic.net, approx21.net, and co burn
.net nuclear networks in MESA. We adopt the standard
mixing-length theory and the Ledoux criterion to model
convection, with αMLT set to 1.5. When convective re-
gions approach the Eddington limit, the efficiency of con-
vection is enhanced3 (Paxton et al. 2013). To account for
the nonzero momentum of a convective element at the
Hydrogen burning convective core boundary, we extend
this region by 0.335 of the pressure scale height (Brott et
al. 2011). We adopt the value of dimensionless free pa-
rameter for semi-convection, αsc, to be 1.0 (Yoon et al.
2006). We use radiative opacity tables from the OPAL
project (Iglesias & Rogers 1996). We adopt surface effec-
tive temperature and abundance dependent stellar wind
prescriptions. When Teff > 10
4 K, we adopt the prescrip-
tion of Vink et al. (2001) if the surface hydrogen mass
fraction > 0.4 and Nugis & Lamers (2000) otherwise. If
Teff < 10
4 K we adopt the prescription of de Jager et al.
(1988).
We use the model of Kolb & Ritter (1990) to calculate
the mass transfer rate due to Roche-lobe overflow (RLO)
1 We choose the value of solar metallicity (Z) to be 0.02. The
metallicity of the host galaxy of SN 2016gkg is 0.012± 0.004 (Kil-
patrick et al. 2017). See Conclusions for a discussion on the effect
of metallicity.
2 Release 9575.
3 The treatment of these regions is a subject of debate and stellar
evolution calculations during these phases are uncertain.
in our binary star models. The efficiency of mass transfer
(the ratio of mass accreted by the secondary to the mass
transferred via RLO by the primary), , is assumed to be
constant during the evolution. The mass not accreted is
assumed to be lost as stellar winds. Stellar winds carry
away with them the specific angular momentum of the
corresponding component. All orbits are assumed to be
circular.
We compute single-star models with initial mass,
log10(MZAMS/M) = 1.28 – 1.40 (MZAMS/M ∼ 19 –
25) in intervals of 0.0005 dex and binary star models
with initial primary mass, log10(MZAMS,1/M) = 1.0 –
1.4 (MZAMS,1/M ∼ 10 – 25) in intervals of 0.02 dex,
initial mass ratio, qZAMS ≡ MZAMS,2/MZAMS,1 = 0.225
– 0.975 in intervals of 0.05, and initial orbital period,
log10(Porb/d) = 2.5 – 3.8 (Porb/d∼ 316 – 6310) in in-
tervals of 0.02 dex4. We choose this parameter space
based on a broader scan. We compute the models for 
= 0.5 and 0.1. Models that reach core carbon exhaus-
tion (Ccenter ≤ 10−6) with less than 1M (but greater
than 0.01M) of residual hydrogen-envelope are defined
as Type IIb SN progenitors. This criterion is a conserva-
tive choice as residual hydrogen envelope masses of Type
IIb SNe with detected progenitors are less than 0.5M
(Woosley et al. 1994). Type IIb SNe with detected pro-
genitors represent those with the most massive envelopes:
progenitors with smaller envelopes are compact (Yoon et
al. 2017) and thus harder to detect. Moreover, the cool-
ing envelope feature in Type IIb SN light curves decrease
with decreasing radius (Moriya et al. 2016) and envelope
mass making compact Type IIb SNe harder to detect.
2.2. Statistical Method
We use Bayesian inference to derive the distribution of
the potential progenitors (and their binary companions)
of SN 2016gkg. We adopt 3σ (see below for reasoning)
luminosity and effective temperature constraints on the
progenitor as derived from observations of the progen-
itor system before explosion (Kilpatrick, C. D., private
communication). We assume that luminosity and effec-
tive temperature are independent variables for simplicity,
though this assumption is not accurate. We do not ap-
ply the progenitor hydrogen-envelope mass and radius
constraints derived from the SN light-curves as these are
model-dependent. However, we discuss the implications
of applying them later.
For each Type IIb SN progenitor model (see above for
definition) we compute a posterior probability (P ):
P (~θmod| ~Xobs) = L( ~Xobs|~θmod)P (~θmod), (1)
4 MESA inlists used for these can be found at https://github.
com/orlox/mesa_input_data/tree/master/2017_IIb
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Fig. 1.— Posterior probability distributions of the parameter space of potential single and binary star progenitors of SN 2016gkg. The top
panel shows the distribution of initial (primary) mass (MZAMS(,1), left) and, for binaries, initial mass ratio (qZAMS ≡MZAMS,2/MZAMS,1,
right) of potential single (black) and binary star progenitors with  = 0.1 (red) and 0.5 (blue). The histograms show the total posterior
probability in each bin. The histograms in the top left panel have been rescaled such that areas under them reflect the probability of a
single or binary star progenitor of SN 2016gkg. The middle and bottoms panels show 2-D distributions of Porb and MZAMS(,1) (left) and
MZAMS(,1) and qZAMS (right) of potential binary star progenitors with  = 0.1 (middle) and 0.5 (bottom).
modulo the standard normalization constant in Bayes’
theorem. The model parameters, ~θmod, are the initial
single (initial mass) or binary (initial primary mass, mass
ratio, and orbital period) star progenitor properties and
eventually determine the pre-SN progenitor properties,
~Xmod, i.e., ~Xmod(~θmod). For each individual observable
quantity Xobs,i (the i-th component of vector ~Xobs) with
mean, µi, and uncertainties, σ+/−,i, we adopt the split
normal distribution for the likelihood
L(µi, σ+,i, σ−,i|Xmod,i) =
√
2
pi
1
σ−,i + σ+,i
×
exp
(
− (Xmod,i − µi)
2
2σ2i
) (2)
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Fig. 2.— Distributions of pre-SN properties of potential single (black) and binary ( = 0.1 (red) and 0.5 (blue)) star progenitors of
SN 2016gkg: progenitor hydrogen-envelope mass (MH env,preSN(,1), left), progenitor helium-core mass (MHe core,preSN(,1), middle), and
progenitor radius (RpreSN(,1), right). The histograms show the total posterior probability in each bin and have been rescaled such that
areas under them reflect the probability of a single or binary star progenitor of SN 2016gkg. Grey shaded regions indicate constraints
derived from light-curves (see Table 1). Pre-SN hydrogen-envelope and helium-core mass for potential binary star progenitors are smaller
than for potential single-star progenitors typically by 0.1M and 2M, respectively. Constraints on the progenitor hydrogen-envelope mass
and radius from light-curves increase the likelihood of a binary progenitor of SN 2016gkg from 22% (13%) to 44% (28%) for  = 0.1 (0.5).
where σi = σ−,i when Xmod,i < µi and σ = σ+,i when
Xmod,i ≥ µi. For each individual observable quantity
Xobs,i with a range of values, we adopt a flat distribution
for the likelihood. Thus,
L( ~Xobs|~θmod) =
∏
i
L(µi, σ+,i, σ−,i|Xmod,i) (3)
Observational uncertainties are not necessarily dis-
tributed as a normal distribution and this form of the
likelihood function is just an approximation. In particu-
lar, the 1σ range for luminosity and effective temperature
from Kilpatrick et al. (2017) is much wider than one-third
of their 3σ range (Kilpatrick, C. D., private communica-
tion). To avoid artificially extending the range of uncer-
tainty in the observations, we adopt σ+ and σ− to be
one-third of the respective 3σ+ and 3σ− values instead
of the 1σ+/− values in Kilpatrick et al. (2017).
The prior probability P (~θmod) is computed for the
range [~θmod − ∆~θmod/2, ~θmod + ∆~θmod/2]. For a single-
star with initial mass, log10MZAMS,
P (~θmod) = (1− fbin)P (log10MZAMS) (4)
and for a stellar binary with initial primary mass,
log10MZAMS,1, initial mass ratio, qZAMS, and initial or-
bital period, Porb,
P (~θmod) = fbinP (log10MZAMS,1)P (qZAMS)
P (log10 Porb)
(5)
where, fbin is the fraction of stars in binaries.
We assume fbin to be a constant and independent of
M , q, and Porb. The distribution of M is taken to be the
Salpeter Initial Mass Function (IMF, Salpeter 1955)
f(M) = M−α; (6)
We assume that the minimum ZAMS mass needed to
undergo core-collapse is 8M (Woosley et al. 2002). We
adopt a power-law distribution for the initial mass ratio,
q,
f(q) = qβ (7)
This distribution is assumed to be followed for q > 0.2
(Kobulnicky et al. 2014). Finally, the distribution of ini-
tial orbital period, Porb, is chosen according to Kobul-
nicky et al. (2014)
f(log10 Porb) = (log10 Porb)
γ (8)
This distribution is assumed to hold5 for 0.15 <
log10(Porb/d) < 4.
3. RESULTS
We compute posterior probabilities for SN 2016gkg us-
ing our model Type IIb SN progenitors (see Section 2.1
for definition) using the method described above. Un-
less otherwise mentioned, we assume fbin = 0.5, α = 2.3
(Salpeter 1955), β = -1, and γ = −0.22 (Kobulnicky et
al. 2014).
Some binary star models experience very little interac-
tion, transferring only small amounts of mass when the
primary star’s atmosphere Roche-lobe overflows. There-
fore their evolution largely resembles that of single stars.
We therefore require that primaries transfer at least 1%
of their initial mass in RLO to qualify as ‘binary’ progen-
itors. The exact choice for this number does not affect
our results significantly; lowering it by an order of magni-
tude adds some & 22M mass binaries with net posterior
probabilities .3% more for our fiducial priors.
In figure 1 we show the distribution of the parameter
space of potential single and binary star progenitors of
SN 2016gkg. There are three peaks in the distribution
of initial primary mass for binary star progenitors. The
low mass peak is favored by the prior on initial primary
mass (Eq. 6), the middle peak is due to the likelihood
for Teff , and the high mass peak results from mildly in-
teracting binaries with relatively undisturbed primaries
5 The upper limit for the validity of this distribution is 2000 days
(Kobulnicky et al. 2014). However, due to poor constraints for wide
binaries we assume that this distribution holds up to 10,000 days.
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Fig. 3.— Distributions of H-R locations of potential single and
binary ( = 0.1 (top) and 0.5 (bottom)) star progenitors of SN
2016gkg. The red (blue) color scales show distributions for the pri-
mary (secondary) of binary star progenitors. Red (blue) H-R tracks
are for the primary (secondary) of the binary star model with the
highest posterior probability for the corresponding : MZAMS,1 =
14.45 (17.38) M, qZAMS ≡ MZAMS,2/MZAMS,1 = 0.575 (0.675),
and Porb = 2291 (3311) days for  = 0.1 (0.5). Mass transfer
(MT) is defined to be taking place when mass transfer rate due to
RLO is ≥ 10−6M yr−1. The black H-R track is for the single-
star model with the highest posterior probability: MZAMS = 23.28
M. The hatched region shows H-R locations of potential single-
star progenitors with normalized posterior probabilities ≥ 0.01.
Black error-hairs show one-third of the 3σ constraints on the ob-
served progenitor for SN 2016gkg (Table 1). If present, the binary
companion of SN 2016gkg has Mbol & −8.5 and is a main-sequence
or red-giant star (for binary star progenitors with initial mass ra-
tios ∼ 1). As such no strong constraints can be placed on the
companion.
whose evolution largely resembles their single-star coun-
terparts. There are fewer binary star progenitors with
 = 0.5, qZAMS > 0.7, and log10(Porb/d) . 3.1 as they
experience unstable mass transfer or evolve into contact,
which lead to a merger.
In figure 2 we show the distribution of pre-SN prop-
erties of potential single and binary star progenitors
of SN 2016gkg. The three peaks in the distributions
of initial primary mass (Figure 1) of binary star pro-
genitors roughly translate to the distributions of pre-
SN hydrogen-envelope and helium-core mass. Pre-SN
hydrogen-envelope and helium-core mass for potential
binary star progenitors are clearly smaller than for po-
tential single-star progenitors (e.g., Podsiadlowski et al.
1992; Yoon et al. 2010; Claeys et al. 2011) typically by
0.1M and 2M, respectively. Therefore, these can be
used to distinguish progenitor scenarios. While progen-
itor helium-core mass constraints are currently unavail-
able for SN 2016gkg, their existence could increase the
likelihood of a binary progenitor of SN 2016gkg signifi-
cantly by ruling out several single-star progenitors (see
below for a discussion on rates). The distribution of all
binary star properties shown in Figures 1 and 2 remain
roughly the same regardless of whether or not we ap-
ply model-dependent progenitor hydrogen-envelope mass
and radius constraints.
In figure 3 we show the distribution of locations on the
Hertzsprung-Russell (H-R) diagram of potential single
and binary star progenitors of SN 2016gkg. The lumi-
nosities of binary progenitors are smaller than of single-
star progenitors. This is a consequence of smaller pre-SN
helium-core masses for binary progenitors (see Figure 2).
The secondaries of binary progenitors mostly lie on the
main-sequence and are less luminous than their primaries
with Mbol & −8.5. Some binary progenitors with initial
mass ratios ∼ 1 have evolved secondaries that are on the
red-giant branch (RGB). We find that it is unlikely for
the secondary to lie between the main sequence and the
RGB, which is the case for the companion of SN 1993J
(Maund et al. 2004). Otherwise, no strong constraints
can be placed on binary companions’ location on the H-R
diagram. We also note that in binaries with secondaries
of luminosities similar to that of the primary, flux from
the secondary may contaminate flux from the primary,
making our calculations inconsistent with the derivation
of observed constraints. We find that the total posterior
probability of progenitors having secondaries with lumi-
nosities within a factor of 2 of the primary (and thus po-
tentially contaminated) is ∼ 12% for  = 0.1 and ∼ 4%
for  = 0.5.
X-ray/radio observations can be used to infer the CSM
density around SN progenitors and thus trace the mass
loss history of the progenitor star. We use our models
to infer the CSM density at 1016 cm to compare with
the results of Margutti et al. (2017) (example Figure
6). Our models have a SN Ibc-like mass loss history:
vwind ∼ 50− 250 km s−1 and M˙wind ∼ 10−4.8 − 10−6M
yr−1. This is because all potential binary progenitors
detach before core-collapse. If future measurements in-
dicate that SN 2016gkg also experienced high mass-loss
rates (∼ 10−4M yr−1), like those for other Type IIb
SNe in the aforementioned study, then it would indicate
that the progenitor experienced a period of enhanced
mass loss just before explosion.
Finally, we compute the probability that the progenitor
of SN 2016gkg was a binary: the total posterior probabil-
ity of all model binary star progenitors divided by total
posterior probability of all model single and binary star
progenitors. In Table 2 we list probabilities of a binary
star progenitor of SN 2016gkg not applying and apply-
ing model-dependent progenitor hydrogen-envelope mass
and radius constraints, for fbin = 0.50 and various val-
ues of α, β, and γ. We find that the probability of a
binary star progenitor of SN 2016gkg with  = 0.1 and
0.5 not-given (given) progenitor hydrogen-envelope mass
and radius constraints is 22% (44%) and 13% (28%, re-
spectively, for our fiducial values of α (2.3), β (-1.0), and
γ (-0.22).
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TABLE 2
Probability of a binary star progenitor of SN 2016gkg
α β γ Pbinary|L, Teff Pbinary|L, Teff ,Menv, R
 = 0.1  = 0.5  = 0.1  = 0.5
-2.0
0.00 0.13 0.08 0.28 0.17
-0.22 0.11 0.06 0.25 0.15
1.6 -1.0
0.00 0.21 0.12 0.42 0.26
-0.22 0.18 0.11 0.38 0.23
0.0
0.00 0.29 0.17 0.52 0.34
-0.22 0.25 0.15 0.48 0.30
-2.0
0.00 0.16 0.10 0.34 0.22
-0.22 0.14 0.08 0.31 0.19
2.3 -1.0
0.00 0.25 0.15 0.48 0.32
-0.22 0.22 0.13 0.44 0.28
0.0
0.00 0.34 0.21 0.59 0.40
-0.22 0.31 0.18 0.55 0.36
-2.0
0.00 0.20 0.12 0.41 0.27
-0.22 0.17 0.11 0.37 0.24
3.0 -1.0
0.00 0.31 0.19 0.56 0.38
-0.22 0.28 0.17 0.52 0.35
0.0
0.00 0.41 0.25 0.66 0.47
-0.22 0.37 0.22 0.62 0.43
Note. — fbin = 0.5, and α, β, and γ are parameters for the
priors on the initial mass, log10MZAMS, initial mass ratio, qZAMS,
and initial orbital period, Porb, respectively (see Eqs. 6, 7, and 8).
4. CONCLUSIONS
We use Bayesian inference and a large grid of single and
binary star models to derive the distributions of poten-
tial progenitors and companions of SN 2016gkg. We find
that potential binary star progenitors have lower initial
primary mass and pre-SN hydrogen-envelope and helium-
core mass than single-star progenitors. The probability
that the progenitor of SN 2016gkg was a binary with  =
0.1 (0.5) is 22% (13%) if we only use luminosity and effec-
tive temperature constraints on the progenitor star. Ap-
plying model-dependent observational constraints on the
progenitor hydrogen-envelope mass and radius rule out
several single-star progenitors, favoring a binary as the
progenitor of SN 2016gkg (44% for  = 0.1 and 28% for 
= 0.5). In either case, there is no clear preference for a bi-
nary star progenitor of SN 2016gkg. This is in contrast to
binaries being the currently favored progenitors of Type
IIb SNe. We find that, a binary companion, if present,
has Mbol & −8.5 and is a main-sequence or red-giant
star. As such, we are unable to find strong constraints
on the nature of the companion star. Constraints on the
progenitor helium-core mass can help tighten constraints
on the progenitor. Similarly, improved constraints on the
progenitor luminosity can significantly narrow the pa-
rameter space for progenitors. We would like to stress
that the parameter space for Type IIb SN progenitors
is strongly dependent on the progenitor metallicity. At
lower metallicities, the parameter space for binary pro-
genitors of Type IIb SNe widens significantly (Yoon et
al. 2017). We expect that the results presented here will
differ strongly at low metallicities with the probability
of a binary progenitor increasing significantly. Never-
theless, the probability of a binary progenitor derived
at solar metallicity represents a lower limit. At lower
metallicities, the binary star channel towards Type IIb
SNe dominates for a couple of reasons. First, the param-
eter space for binary star Type IIb SN progenitors widens
significantly at lower metallicity (Yoon et al. 2017). Sec-
ond, single star Type IIb SN progenitors are produced at
higher masses (due to the scaling in wind mass-loss) and
are thus disfavored by the IMF. A detailed investigation
into the effects of metallicity on the relative importance
of single and binary progenitors of Type IIb SNe would
be an interesting line of future investigation.
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